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ABSTRACT

Tumor-associated or -infiltrating lymphocytes (TALs or TILs) co-express multiple immune inhibitory
receptors that contribute to immune suppression in the ovarian tumor microenvironment (TME).
Dual blockade of PD-1 along with LAG-3 or CTLA-4 has been shown to synergistically enhance T-cell
effector function, resulting in a delay in murine ovarian tumor growth. However, the mechanisms
underlying this synergy and the relative contribution of other inhibitory receptors to immune
suppression in the ovarian TME are unknown. Here, we report that multiple immune checkpoints are
expressed in TALs and TILs isolated from ovarian tumor-bearing mice. Importantly, blockade of PD-1,
LAG-3, or CTLA-4 alone using genetic ablation or blocking antibodies conferred a compensatory
upregulation of the other checkpoint pathways, potentiating their capacity for local T-cell
suppression that, in turn, could be overcome through combinatorial blockade strategies. Whereas
single-agent blockade led to tumor outgrowth in all animals, dual antibody blockade against PD-1/
CTLA-4 or triple blockade against PD-1/LAG-3/CTLA-4 resulted in tumor-free survival in 20% of
treated mice. In contrast, dual blockade of LAG-3 and CTLA-4 pathways using PD-1 knockout mice
led to tumor-free survival in 40% of treated mice, suggesting a hierarchical ordering of checkpoint
function. Durable antitumor immunity was most strongly associated with increased numbers of
CD8™ T cells, the frequency of cytokine-producing effector T cells, reduced frequency of Tregs and
arginine-expressing monocytic myeloid-derived suppressor cells in the peritoneal TME. These data
provide a basis for combinatorial checkpoint blockade in clinical intervention for ovarian cancer.
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Introduction approved anti-CTLA-4 antibody for treating melanoma and

In the tumor microenvironment (TME), the presence of CD8*
T cells correlates with ovarian cancer patient survival." How-
ever, T cells in the TME often upregulate markers consistent
with T-cell exhaustion, providing tumors with the potential to
escape immune control.”> These multiple inhibitory receptors
(including PD-1, CTLA-4, LAG-3, and TIM-3) and their cog-
nate ligands, expressed on tumors and suppressive or tolero-
genic antigen-presenting cells, are listed in Table 1.°°
Paradoxically, these checkpoint receptors are also markers of
T-cell activation, highlighting the complex array of signals that
govern T-cell activation and suppression. Specifically, although
it is known that these receptors can interact with identified cog-
nate ligands to regulate T-cell signaling, precisely how and
under what context these receptors act to enhance, control, or
limit T-cell function is not yet clear. Whether these receptors
can work in concert or alter the expression of additional check-
point receptors also remains unclear. Blockade of CTLA-4 or
PD-1 with specific antibodies has shown significant promise in
overcoming immune suppression and mediating tumor regres-
sion.””” Based on results from preclinical models and clinical
trials,”'" the Food and Drug Administration (FDA) has

anti-PD-1 antibody for treating melanoma and several cancers
including non-small cell lung, kidney, and head and neck can-
cer. However, approximately one half of treated patients
remain unresponsive to these therapies'? and certain cancers,
including ovarian cancer, respond poorly (11-25% overall) to
single-agent checkpoint blocking strategies,'>'” suggesting
combinatorial strategies may be required. Several pre-clinical
studies by our group and others have demonstrated synergistic
effects of combinatorial blockade of at least two immune check-
points in inhibiting murine tumor growth.'®"® Simultaneous
inhibition of PD-1 and CTLA-4*° or TIM-3*' in phase I studies
have also shown enhanced efficacy in advanced melanoma
patients. However, these combinatorial treatments are often
associated with immune-related adverse events,'? adding addi-
tional complexity to developing combinatorial therapies. In
addition, the mechanism of this synergy is not completely clear.
One possibility is that these checkpoints function through non-
overlapping cellular mechanisms. For example, although PD-1
acts directly via PD-L1/PD-L2 interaction, CTLA-4 is able to
outcompete CD28 for interaction with CD80/86 to limit co-
stimulation and leads to suppression.”>*> Others suggest that a
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Table 1. The immune inhibitory receptors and their cognate ligands.

Receptors Full name Ligands
PD-1 Programmed cell death-1 PD-L1, PD-L2
LAG-3  Lymphocyte activation gene-3 HLA-class-Il
CTLA-4  Cytotoxic T lymphocyte antigen 4 CD80 (B7-1), CD86 (B7-2)
TIM-3 T cell immunoglobulin and mucin Galectin-9
protein 3
BTLA B- and T-lymphocyte attenuator B7-H4 and herpes virus
entry mediator (HVEM,
or NFR-SF14)
KLRG1  Killer-cell lectin like receptor G1 E-cadherin
2B4 Signaling lymphocyte activation (D48, B-lymphocyte
activation molecule
marker (BLAST-1)
(D160  GPl-anchored lymphocyte surface Herpes virus entry mediator
receptor (HVEM), or MHC class |
molecules
TIGIT T cell immunoglobulin and CD155 (poliovirus receptor)
immunoreceptor tyrosine-based and CD112

inhibitory motif [ITIM] domain

redundancy or hierarchy order may exist among the immune
checkpoints.” Alternatively, the synergy could involve targeting
multiple checkpoint receptors on one cell, or different receptors
on different cells. Thus, understanding the underlying mecha-
nisms of how checkpoint receptors are expressed, their relative
kinetics, and targetability, would be of tremendous value in
designing effective combinatorial treatments and avoiding
autoimmune pathology at the same time.

We have previously demonstrated that a subset of tumor anti-
gen-specific CD8" T cells in human ovarian cancer that co-express
PD-1 and LAG-3 are impaired in IFNy and TNF« production
compared with PD-1 or LAG-3 single positive cells.** Simultaneous
blockade of PD-1 or LAG-3 ex vivo restored effector function of
human ovarian tumor antigen-specific T cells to a level that is
above the additive effects of single blockade of PD-1 or LAG-3
alone.”* We have further shown in mice that dual blockade with
LAG-3 synergizes with PD-1 blockade to enhance CD8" tumor-
infiltrating lymphocyte (TIL) functions and promoted better con-
trol of transplanted IE9mpl ovarian tumors, whereas single-agent
blockade had little or no effect. Combinatorial blockade with anti-
LAG-3 and anti-PD-1 antibodies significantly increased the num-
ber of T cells in the TME, enhanced CD8" T-cell function, and
reduced CD4"CD25" Foxp3™" Treg cells. The synergistic effect of
blocking both LAG-3 and PD-1 pathways in enhancing antitumor
immunity was also demonstrated using LAG-3 and PD-1 knockout
mice. Based on the current promise of checkpoint inhibitors and
the early success of combinatorial blockade in melanoma,” it is
likely that combinatorial blockade strategies will be implemented
as immunotherapy for additional cancers as new data emerges.
Therefore, it is critical to identify the optimal blockade combina-
tions, administration methods, and treatment schedules that will
achieve the greatest benefit for cancer patients.

In investigating the potential mechanisms of synergy
between PD-1 and LAG-3 blockade, we previously showed
that PD-1 and LAG-3 may collaborate in recruiting SHP1 or
SHP2 to the TCR complex, thereby, negatively co-regulating
T-cell signaling and function."” However, the molecular
interaction of PD-1 and LAG-3 appeared weak and transient,
suggesting that other mechanisms may be involved in the
PD-1-LAG-3 functional synergy. In the current study, we
tested the hypothesis that a compensatory cellular

mechanism exists whereby blockade of a single inhibitory
receptor leads to upregulation of additional checkpoint
receptors. Using PD-1 and LAG-3 genetic knockout mice and
single antibody blockade of each individual pathway in wild-
type mice, we found that blocking one of the checkpoint path-
ways results in pronounced elevation of the others. These
results have implications both for understanding the mecha-
nisms of resistance to checkpoint inhibitors and rational
design of combinatorial immune checkpoint blockade.

Results

Multiple immune inhibitory receptors are expressed in a
murine model of metastatic ovarian cancer

Previous reports have shown that multiple immune inhibitory
receptors are expressed by antigen-specific T cells during
chronic viral infection®® and in cancers,* which may promote
tumor escape from immune surveillance. To understand which
pathways may drive immune suppression and limit T-cell
activity beyond PD-1 and LAG-3, we examined the expression
profile of multiple immune inhibitory receptors in tumor-asso-
ciated lymphocytes (TALs) isolated from the ascites of our
IE9mpl murine ovarian cancer model.'” In this model,
implanted IE9mpl tumor implants develop primarily in the
omentum and ovary following injection, and metastasize to
peritoneal surfaces and organs such as liver, diaphragm, and
serosal surface of the intestines, with progressive development
of ascites fluid, resembling disease progression of human ovar-
ian cancer. The expression of the receptors in spleen and TALs
from tumor-bearing mice was first analyzed at days 25-30 after
tumor implantation (Fig. 1A), corresponding to ascites onset.
Compared with the CD8" and CD4" T cells isolated from
spleen, the levels of PD-1, LAG-3, CTLA-4, and CD160 were
significantly increased in CD8" and CD4" TALs (Fig. 1A and
B). In particular, PD-1 and CTLA-4 were most abundant
among all checkpoints examined. Some of these TALs co-
expressed at least two checkpoint receptors (Fig. 1C and D).
Interestingly, the percentage of cells co-expressing PD-1 and
LAG-3 was clearly highest in CD8" TALs (Fig. 1C), whereas
PD-1 and CTLA-4 were highest in CD4" TALs (Fig. 1D). To
determine whether these checkpoints are similarly upregulated
on TALs derived from the human ovarian cancer microenvi-
ronment, we examined TALs from a cohort of ovarian cancer
patients for PD-1, LAG-3, TIM-3, and CTLA-4. We confirmed
the upregulation of PD-1 and LAG-3 in both CD8*- and
CD4*-derived TALs, and of CTLA-4 and TIM-3 in a subset of
the cells (Fig. 2A). Similar to the observations made in murine
OVC, many of the interrogated cells expressed dual check-
points (Fig. 2B and C). These data suggest and support the idea
that many immune checkpoint receptors are upregulated in
TALs and TILs in both murine and human ovarian cancer and
may serve as candidate immunotherapeutic targets.

Compensatory upregulation of co-inhibitory checkpoints
results from blockade of a single checkpoint receptor

We have previously shown that dual blockade of PD-1 and LAG-3
synergistically delayed IE9mpl tumor growth as compared with
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Figure 1. Multiple immune checkpoints are expressed on TALs of murine ovarian cancer microenvironment. Pooled data of eight inhibitory receptor expression
on CD8" (A) and CD4™ (B) TALs from tumor-bearing mice. IE9mp1 tumor cells (1x107) were injected intraperitoneally. TALs were isolated at day 25 (Materials
and Methods) and stained for surface expression of the checkpoints and analyzed with flow cytometry. Expression of eight checkpoints in T cells from spleno-
cytes is shown for comparison. Data were obtained from 10 animals and are representative of two independent experiments. Data were analyzed using Graph-
Pad Prism 6. Error bars represent SD. Statistical significance was determined by Student’s t-test. *p < 0.05; **p < 0.01; ***p < 0.001. Examples of CD8* (C)
and CD4* (D) TALs coexpressing two checkpoint molecules are shown. Representative flow cytometry analysis of TALs stained with Live/Dead dye, mAbs to
CD4™, CD8™, PD-1, LAG-3, TIM-3, and CTLA-4. Dot plot analyses were gated on live cells, then on CD8" or CD4™" and showed percentages of single and double

stained PD-1, LAG-3, CTLA-4, and TIM-3-positive cells.

single-agent treatment.'” In that study, we found that PD-1 and
LAG-3 may interact in both the cytoplasm and cell membrane
compartments to exert their synergistic effect. However, the inter-
action was weak, suggesting the involvement of additional mecha-
nisms in mediating suppression. For example, PD-1/LAG-3 may
act in concert with other binding partners or additional pathways.
Furthermore, it has been reported that blockade of PD-1 induces
the upregulation of CTLA-4 expression in a murine melanoma
model and vice versa.'® Based on these data, we hypothesized that
compensatory and/or overlapping functionality for these inhibitory
receptors may exist that could limit the efficacy of single-agent
checkpoint blockade. To begin investigating this, we analyzed the
level of other inhibitory receptors when PD-1 or LAG-3 was
blocked. Taking advantage of our existing PD-1KO and LAG-3KO
mouse strains, we found that the expression of LAG-3, TIM-3, or
CTLA-4 genes was increased in the TALs from PD-1KO mice
bearing IE9mpl tumors. Similarly, the level of PD-1, TIM-3, and
2B4 genes was elevated in the tumor-bearing LAG-3KO mice
(Fig. 3A and B). Next, we examined whether antibody blockade of

these pathways in wild-type mice would result in a similar pattern
of compensatory receptor upregulation as was seen in the tumor-
bearing knockout mice. As shown in Fig. 3C and D, the level of
LAG-3 and CTLA-4 is increased by treatment with anti-PD-1 anti-
body, whereas PD-1 is increased after treatment with anti-LAG-3
antibody. Interestingly, CTLA-4 level was not elevated after block-
ade of LAG-3 pathway either by genetic ablation or inhibition by
antibody. In addition, PD-1 and LAG-3 were also elevated by the
treatment with anti-CTLA-4 antibody. Thus, our data indicate that
blockade of one immune inhibitory pathway leads to compensa-
tory upregulation of other checkpoint receptors in T cells infiltrat-
ing the ovarian TME.

Combinatorial blockade of PD-1/CTLA-4/LAG-3 leads to
differential tumor control in a murine model of metastatic
ovarian cancer

The data described above provided a basis for testing rational
combination treatments of antibodies targeting additional
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Figure 2. Expression of four immune checkpoints on TALs from the human ovarian cancer microenvironment. (A) Pooled data of the PD-1, LAG-3, TIM-3, and CTLA-4
expression on CD8™ (left panel) and CD4™ (right panel) TALs from 10 human ovarian cancer patients. (B, C) Examples of flow cytometry analysis displaying co-expression
of dual immune checkpoints. TALs were isolated as described in Materials and Methods, stained with antibodies against CD8™, CD4™, and the above mentioned check-
points and analyzed by flow cytometry. Numbers represent the percentage of each population.

checkpoints in ovarian cancer beyond the previously studied
PD-1/LAG-3 combinations."” Although genetic ablation of PD-
1 or LAG-3 upregulated TIM-3 expression antibody blockade
of either pathway did not have the same effect; therefore, we
examined the effect combining any two or all three blocking
antibodies against PD-1, LAG-3, or CTLA-4 pathway on tumor
growth control in the IE9mpl model. Similar to previous
reports,“"'19 single-agent blockade of PD-1, LAG-3, or CTLA-4
did not have a significant effect on delaying ovarian cancer
growth in our model (Fig. 4A and B). Combinations of either
PD-1/LAG-3 or LAG-3/CTLA-4 showed modest improvement
over single-agent blockade. In contrast, PD-1/CTLA-4 dual
blockade exhibited superior effects compared to the other two
combinations (Fig. 4C, p=0.002). Surprisingly, additional
blockade of LAG-3 pathway did not further enhance the syner-
gistic effect of blocking PD-1/CTLA-4 on antitumor immunity
in the ovarian tumor-bearing mice (Fig. 4C, p = 0.2). Approxi-
mately 20% of the treated mice in the triple blockade group
showed declined health and splenic inflammation upon nec-
ropsy possibly due to immune-related cytotoxicity. Taken
together, these data suggest that combinational checkpoint
blockades against PD-1, CTLA-4, and LAG-3 pathways exhibit

potential in controlling ovarian tumor growth. However,
appropriate dosing and scheduling may be required to achieve
optimal benefits of the treatment.

Inhibition of different immune checkpoint receptors
differentially affects the functionality of CD8" TALs
and TiLs

We have previously shown that dual blockade with PD-1 and
LAG-3 enhances antitumor activity by increasing the number of
functional CD8" TILs/TALs as well as reducing the number of
Treg cells."” Based on these data, we next compared the effect of
the various dual checkpoint blocking interventions with the triple
blockade on TALs and TILs at an early time point (day 25, Fig. 5)
and experimental endpoint when the abdominal circumference
reached 12 cm or the mouse became moribund (Fig. S1). Both PD-
1/LAG-3 and PD-1/CTLA-4 treatments significantly increased the
CD8* TALs and TILs frequency (Fig. 5A, left two panels). Strik-
ingly, triple blockade significantly enhanced the percentage of
CD8™" TALs in the TME at early time points as compared with that
of any dual blockade therapy (Fig. 5A). This was also true in the
CD4™" TALs, albeit the effect of triple blockade on the frequency of
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Figure 3. Compensatory upregulation of immune checkpoints in murine OVC after blockade of single checkpoint pathway. (A, B) Elevated expression of other checkpoints
in tumor-bearing PD-1KO or LAG-3KO mice. The levels of LAG-3, CTLA-4, and TIM-3 are elevated in the TALs from the tumor-bearing PD-1KO mice, whereas PD-1, TIM-3,
and 2B4 are increased in tumor-bearing LAG-3KO mice. Tumor implantation was performed as described in Fig. 1. TALs and TILs (data not shown) were collected from
tumor-bearing C57BL6 (wild-type), PD-1KO, and LAG-3KO mice (five animals per group) at early time points and stained for the antibody against the indicated check-
points. Data are representative of two independent experiments. (C, D) Individual blockade with immune checkpoint antibody anti-PD-1, or anti-LAG-3, or anti-CTLA-4 in
the wild-type mice results in elevated expression of the other immune inhibitory checkpoints. Ten days after tumor implantation, mice were treated intraperitoneally

with antibody (200 1¢g per mouse) every other day for four times. T cells were analyzed 7 d after the end of the treatment. Data were analyzed using GraphPad Prism 6.

Error bars represent SD. Statistical significance was determined by Student’s t-test. “p < 0.05; **p < 0.01;

resentative of three independent experiments.

CD4" TIL population was not as dramatic. The effect of triple
blockade on the frequency of both CD8" and CD4 " TALs was per-
sistent till the endpoint (Fig. S1A). Surprisingly, after blocking all
three pathways these CD8" TALs did not significantly produce
more cytokines than those after the dual blockade of PD-1/LAG-3
or PD-1/CTLA-4 (Fig. 5B). Specifically, CD8" TALs from the mice
with dual blockade of PD-1/LAG-3 maintained the highest func-
tionality at the early time point as determined by the percentage of
IFNy™* (Fig. 5B, left panel) and IFNy *TNFa™ cells (Fig. 5B, far-
right panel). However, CD8" TALs from mice treated with PD-1/
CTLA-4 dual blockade were more functional than those treated
with the other dual blockades and the triple blockade at endpoint
using the same criteria (Fig. S1B). The lasting effect of dual block-
ade of PD-1/CTLA-4 on the functionality of CD8" TALs indeed
correlated with its significant effect on the survival of the tumor-
bearing mice (Fig. 4C). Collectively, our results show that the major
effect of combinatorial blockade of PD-1, LAG-3, and CTLA-4 is
increased infiltration and, to a lesser extent, effector function of
CD8* TALs/TILs.

Blockade of PD-1-LAG-3 and CTLA-4 differentially reduces
Tregs and myeloid-derived suppressive cell (MDSC)
populations

The TME is often enriched in Treg and myeloid-derived sup-
pressor cells (MDSCs), which contribute to a highly

ok

p < 0.001. Data were obtained from five animals and are rep-

immunosuppressive milieu that lead to reduced CD8" T-cell
effector function. We observed that blockade of PD-1 and
LAG-3 additively reduced the suppressive Tregs (Fig. 6A). In
comparison, dual blockade with PD-1/CTLA-4 or LAG-3/
CTLA-4 did not significantly reduce the frequency of
CD25"FoxP3" Treg cells whereas blocking CTLA-4 alone had
a significant, albeit transient, impact at early time points only
following intervention (Fig. S2). Triple blockade of PD-1, LAG-
3, and CTLA-4 further reduced the percentage of the Treg cells
in TALs, as compared with that of the different dual blockades
(Fig. 6A, left panel). This effect was not as prominent in the
TILs (Fig. 6A, right panel).

It has been shown previously that blockade of PD-1 and
CTLA-4 in melanoma reduces MDSC populations.'®*® There-
fore, the effect of combinatorial blockade of PD-1/CTLA-4/
LAG-3 pathways on the MDSC populations in the ovarian
TME was investigated. Based on the relative expression levels
of CD11b, Ly6G, and Ly6G (gating strategy shown in Fig. S3),
we defined CD11b"Ly6G* Ly6C* cells as granulocytic mye-
loid-derived suppressor cells (G-MDSC) and
CD11b*Ly6G Ly6C* cells as monocytic MDSCs (M-
MDSC).*”?*® In addition, the expression of F4/80 was analyzed
as the overall macrophage population in the CD11b™ cells. Fur-
thermore, we used expression of arginase 1 (ARG1) as an indi-
cator for the immune suppressive activity of MDSCs and
macrophages, as ARG catalyzes the conversion of L-arginine
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Figure 4. Combinatorial and triple blockade of PD-1, CTLA-4, and LAG-3 pathways exerts differential antitumor immunity. (A) Experimental scheme and antibody block-
ade treatment. C57BL/6 mice were implanted with [E9mp1 tumors as described in Fig. 3, randomized and treated with control IgG, single antibody, and combination of
two or three antibodies were administered every other day for six times (Materials and Methods). Tumor progression was monitored by measuring the abdominal circum-

ference due to accumulation of ascites. Survival was determined when the abdomi

nal circumference reached 12 cm or moribund. (B) Combinatorial blockade of PD-1/

LAG-3 or CTLA-4/LAG-3 pathways mildly improve antitumor immunity. Antibody treatment was as described above. Survival data were analyzed with the Mantel-Cox
log-rank test. Data were obtained from 14 to 15 mice per group and were representative of two independent experiments. (C) Triple blockade of three checkpoints and
dual antibody blockade of PD-1 and CTLA-4 significantly enhanced the survival of ovarian tumor-bearing wild-type mice. Antibody treatment and data analysis were per-

formed at the same time as that described in (B).

to ornithine and urea, which deprives T cells of this amino acid
and renders them functionally unresponsive.”” In wild-type
tumor-bearing mice, the percentage of CD11b"ARG™ cells in
CD45" leukocytes was dramatically increased compared to the
spleen (Fig. 6B). Combinatorial blockade of PD-1 and CTLA-4
significantly reduced the percentage of the ARGI-expressing
Ly6G*T6C" (G-MDSC) cells, whereas, surprisingly, dual block-
ade PD-1 and LAG-3 had an opposite effect (Fig. 6C). Note
that only small percentage (2-7%) of the CD11b*Ly6G*"6C*
cells expressed ARGI, indicating that most of the Ly6G"6C*
cells are probably inflammatory DCs or neutrophils. In con-
trast, approximately 35% of the CD11b"Ly6G Ly6C" (M-
MDSC) cells were ARG1-expressing M-MDSC in IgG-treated
TALs. All the blockade treatments had a trend of reducing the
percentage of ARG1-expressing Ly6G Ly6C™ cells (Fig. 6D).
In addition, all the dual blockades significantly reduced the
ARGl1-expressing F4/80™ cells (Fig. 6E), whereas the triple
blockade did not have effect on this population. Most strik-
ingly, dual blockade of PD-1 and CTLA-4 significantly decrease
the ARG1-expressing G-MDCS, M-MDSC, and F4/80" macro-
phages. These results are highly correlated with the significant
effect of enhanced survival by combinatorial blockade of these
two pathways.

Genetic knockout of PD-1 or LAG-3 enhances the impact of
combination antibody

The results described above indicate that dual blockade of PD-
1/CTLA-4 or triple blockade (including LAG-3) was only

curative in a small percentage of treated animals (20%), raising
the possibility that either the blockade was not complete in the
majority of the mice, or the timing/duration or the doses of the
treatment was not adequate, or that additional pathways and
other mechanisms of immune suppression were being acti-
vated. To investigate this further, we tested treatment strategies
involving blockade of the PD-1 ligand, PD-L1, which was upre-
gulated in the TME (data not shown), along with combined
blockade of PD-1, CTLA-4, and LAG-3. However, the treat-
ment with a combination of four antibodies crossed the thresh-
old of inducing acute toxicity, as 40% of the treated mice
showed deleterious health condition soon following treatment
(data not shown). Since blockade using antibodies may not be
completely effective and we had the capacity to completely
block the highly potent (PD-1) versus less potent (LAG-3)
pathway with knockout animals, we tested triple combinations
in these settings to understand how the response would differ.
As observed in the dual blockade in the wild-type mice, addi-
tional blockade of CTLA-4 in PD-1KO mice show synergistic
effect on controlling tumor growth (p = 0.001). Additional
blocking of the LAG-3 pathway in PD-1KO mice had a mini-
mal benefit. In contrast, dual blockade with anti-CTLA-4 and
anti-LAG-3 antibodies in PD-1KO mice significantly increased
the rates of tumor rejection (40%) as compared with treatment
using anti-CTLA-4 antibody alone (25%, p = 0.001) (Fig. 7A).
The tumor rejection rate by blocking the three pathways in this
setting was significantly better than the triple blockade with
antibodies (20%, Fig. 4B). In addition, no sever cytotoxicity was
observed in the dual blockade of CTLA4/LAGS3 in the PD-1KO
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Figure 5. Combinatorial blockade of PD-1, CTLA-4, and LAG-3 significantly enhance lymphocyte infiltration and function at early time point. (A) Frequency of
CD8" and CD4" TALs (ascites) and TILs (tumor) from ovarian tumor-bearing mice after checkpoint blockade at early time point. Both CD8* and CD4" TALs
were significantly elevated in triple antibody-treated group. (B) Frequency of cytokine-producing CD8" TALs is enhanced after antibody blockade treatment.
T effector function was assessed by percentage of cytokine-producing cells (IFNy, TNFe, and IL2). Dual IFNy- and TNFa-producing cells represent polyfunction-
ality of the population. Mice were treated every other day with total six doses of antibodies on days 10-20. TALs and TILs were isolated at 25 d posttumor
implantation. For cytokine production TALs were stimulated with PMA/lonomycin in the presence of BFA for 5 h. Cytokine producing cells were analyzed as
described in Material and Methods. Data are representative of two independent experiments with 3-5 animals per group. Error bars represent SD. Statistical
significance was determined by Student's t-test. *p < 0.05; *p < 0.01; **p < 0.001.

mice. These data suggest that if one of the immune checkpoints
is completely abrogated, additional blockade with two other
major pathways may provide additional therapeutic benefit not
observed following triple blockade strategies. To further cor-
roborate this finding, we next tested whether dual blockade of
PD-1/CTLA-4 in the context of LAG-3KO mice, where LAG-3
pathway is completely abrogated, would have a similar impact.
Although blocking PD-1 in the LAG-3KO mice (Fig. 7B,
p = 0.001) has a similar effect as that of dual blockade of PD-1-
LAG-3 in wild-type BL6 mice (Fig. 4B), blocking CTLA-4 did
not have significant effect in delaying tumor growth in the
LAG-3KO mice. Importantly, antibody-mediated dual block-
ade of PD-1 and CTLA-4 pathways in LAG-3KO mice had an
additive effect in delaying tumor growth as compared with
blocking PD-1 or CTLA-4 alone (20% tumor rejection rate,
Fig. 7B). However, the efficacy of triple blockade in LAG-3KO
mice setting was diminished compared to observations in
PD-1KO mice (Fig. 7A). Taken together, these data suggest
that combinatorial blockade of LAG-3-CTLA-4 has significant
benefit in controlling ovarian tumor growth when PD-1 path-
way is completely blocked.

Discussion

We show here that multiple inhibitory checkpoints are elevated
on the TALs and TILs in the human and murine ovarian TME,
preventing durable tumor attack by infiltrating T cells. Combi-
natorial blockade against PD-1, CTLA-4, and LAG-3 pathways
showed an additive efficacy in controlling murine ovarian
tumor growth. The predominant effect observed following
blockade of the three targeted pathways was increased infiltra-
tion of CD8" T cells, as well as improved effector function,
which correlated with antitumor activity and improved sur-
vival. In addition, dual antibody blockade combinations, to a
lesser extent, also had differential effects on reducing the Tregs
and MDSC populations which may act to limit T-cell efficacy.
Our data suggest that blocking the PD-1 axis is the major factor
in mediating an effective checkpoint blockade strategy in
immunotherapy in murine ovarian cancer. This is consistent
with recent clinical data in melanoma where blocking PD-1
pathway is more potent than inhibiting the CTLA-4.*° How-
ever, single checkpoint blockade against PD-1 leads to a com-
pensatory induction of LAG-3 and CTLA-4 and other
checkpoint pathways which contributes to a feedback loop that
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Figure 6. Effects of combinatorial blockade of PD-1, CTLA-4, and LAG-3 on Treg and MDSC population in ovarian TME. (A) Dual and triple antibody blockade treatment
decreased the frequency of CD4"CD25"FoxP3™ cells at early time point of ovarian tumor progression. TALs and TILs were isolated as described above and stained for the
expression of CD4*, CD25, and FoxP3 protein and analyzed using flow cytometry. (B) Arginase 1 (ARG1)-expressing population was increased in the ovarian TME as com-
pared with that in spleen. Splenocytes and TALs were isolated as described in Fig. 5. Frequency of ARG1™ population in the CD45*CD11b™ cells was determined based
on the gating shown in Fig. S3. (C-E) Various checkpoint blockade combinations reduced the frequencies of ARG1*-MDSCs. The frequency of ARG1H-Ly6G6C" cells was
significantly reduced by PD-1/CTLA-4 dual blockade (C). All three dual blockades of PD-1/LAG-3, PD-1/CTLA-4, and LAG-3/CTLA-4 significantly reduced the frequency of
ARG1-Ly6G~6C" (D) and ARG11-F4/80" cells (). Data were obtained from 5 mice per group, analyzed using GraphPad Prism 6, and are representative of two indepen-

dent experiments. Error bars represent SD. Statistical significance was determined by Student’s t-test. “p < 0.05; **p < 0.01; ***p < 0.001.

acts to mediate local immune suppression. This may have lim-
ited the therapeutic efficacy of single-agent PD-1 or PD-L1
blockade in ovarian cancer patients.'>'> On the other hand, the
compensatory upregulation of other checkpoints also leads to

an opportunity for choosing an appropriate second agent(s) for

combinatorial treatment.

Our data suggest that the relative contribution of immune
co-inhibitory receptors to antitumor immunity includes both
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LAG-3KO mice bearing ovarian tumors. Survival data were derived from 8 to 10 mice per group and are representative of two independent experiments.

hierarchical order and compensatory mechanisms that need to
be considered in designing combination treatments. Data
shown here suggest that PD-1 is at the top of this hierarchy,
supported by the observation that dual blockade of CTLA-4
and LAG-3 in PD-1KO mice results in a 40% survival rate
(Fig. 7A) as compared to 20% from the dual blockade of PD-1
and CTLA-4 in LAG-3KO mice (Fig. 7B). It is important to
point out, however, that the optimal timing and dosing of
checkpoint blockade with antibodies is difficult to determine
and this may play a factor in the improved outcomes observed
in the context of complete genetic ablation. This notion is
reflected in the study using an ID8 ovarian tumor model that
treatment of anti-PD-L1 antibody at early stage tumor progres-
sion is superior to the late stage intervention.”’ Interestingly,
the impact of PD-1/PD-L1 blockade in this ID8 model (25-
65% tumor clearance rate) was more striking than the data
shown in current study (10% tumor clearance, Fig. 4B). In
addition, the same group®’ demonstrated that blocking both
PD1 and CTLA4 pathways in mice achieve a 50% tumor clear-
ance rate in a subcutaneous ID$ ovarian tumor model.'® In
contrast, however, another group reported that anti-PD-1/
CTLA-4 combination had no benefit in rejecting intraperito-
neal ID8 ovarian tumors.”” The discrepancy among these stud-
ies and ours may be due to difference in cell lines, dosing/
schedules, and/or methods of implantation used. The hierarchi-
cal preference for PD-1-mediated immunity has also been pre-
viously suggested in viral infection.” However, each checkpoint
clearly has unique attributes and relative impact on T-cell func-
tion and each pathway may execute distinct and non-redun-
dant actions of immune regulation. This is reflected in their
blocking effect in modulating T-cell responses (Fig. 5) and
delaying tumor growth shown here (Fig. 4) and elsewhere.'®
One of the possible determining factors is that these checkpoint
receptors are expressed in different cell populations beyond the
T-cell compartment. Here, we have focused our analysis largely
on T cells, and although CTLA-4 is mainly expressed on T
cells,” PD-1 and LAG-3 are also expressed by B cells, NK cells,
dendritic cells, and macrophages,’*> thereby, having the
potential to contribute broadly in the context of antitumor
immune responses. In addition, these checkpoint receptors are
differentially expressed on CD8" and CD4™" T cells (Figs. 1 and
2), which may influence checkpoint blockade effects. The fact

that dual blockade of LAG-3 and CTLA-4 in PD-1KO mice
had a more profound effect in tumor rejection than triple
blockade in wild-type mice also points to PD-1 being at the top
of this hierarchy order of checkpoint actions in the control of
ovarian cancer. Our previous observation that CD8" T cells
from non-tumor-bearing PD-1KO mice produce higher levels
of IFNy, TNFw, and IL2 than those from the wild-type and
LAG-3KO mice when activated in vitro with anti-CD3 anti-
body'” also support this notion. Thus, data shown here in the
ovarian TME and those demonstrated in a chronic viral infec-
tion model suggest that PD-1 is the major inhibitory receptor
controlling T-cell exhaustion,”’® with additional receptors hav-
ing the ability to further modulate T-cell activity and having
the potential to also be exploited therapeutically.

Our data and recent work by others using mouse models of
lymphocytic choriomeningitis virus (LCMV) infection®” sug-
gest that in the absence of PD-1, other immune checkpoints,
such as LAG-3 or CTLA-4, can compensate for its inhibitory
function, with removal of any single checkpoint receptor not
preventing T-cell exhaustion (data not shown,'>*”). The com-
pensatory mechanism seems to be common across different
tumor types, as it has been recently demonstrated in lung can-
cer that treatment with anti-PD-1 antibody results in upregula-
tion of TIM-3 on T cells, both in a mouse model and in the
treated patients.”® We also observed upregulation of TIM-3 in
the genetic ablation of PD-1 and LAG-3 pathways (Fig. 3A and
B), albeit this gene was not significantly affected using antibody
blockade against PD-1 or LAG-3. The compensatory upregula-
tion of the additional checkpoints may also explain the syner-
gistic effect of combinatorial blockade of LAG-3 and CTLA-4
in the PD-1KO mice. Interestingly, CTLA-4 is upregulated
only in the PD-1KO but not LAG-3KO mice, and in the anti-
PD-1 but not anti-LAG3 antibody treatment in WT mice. It is
possible that the level of CTLA-4 expression in PD-1KO mice
contributed to the treatment outcome. Another group has also
demonstrated using a different murine ovarian cancer cell line
in a subcutaneous model that PD-1 and CTLA-4 combine
treatment cured 50% of the mice as compared with a ~25%
with single treatment.'® The triple blockade of PD-1/CTLA-4/
LAG-3 also increased the frequency of CD8" TALs, but had a
similar effect to the dual PD-1/CTLA-4 blockade in controlling
tumor growth (Fig. 4B). Of interest, dual blockade appears to
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benefit a majority of mice, although briefly (like targeted ther-
apy), whereas triple blockade has little additional benefit except
in a minority of mice who show long-term benefit (like
immune therapy).

The mechanisms of compensatory upregulation of immune
inhibitory receptors on T cells are currently unclear. It is possi-
ble that the compensation arises during various stages of adap-
tive immune responses and that these checkpoints function in
both distinctive and overlapping manners.”> For example,
although PD-1 and CTLA-4 interact with different ligands and
act through different mechanisms, both interactions lead to
suppression.”>*> LAG-3, on the other hand, is thought to act
through binding of MHC class II molecules, which present
antigens to the T-cell receptor to initiate T-cell signaling.” All
of these actions lead to recruitment of certain phosphatases
and inhibition of downstream signaling in T cells. Blockade of
either PD-1, LAG-3, or CTLA-4 can activate T cells and pro-
mote their proliferation, and at the same time, reduce the sup-
pressive activity of Tregs.”** The degree of reinvigoration of
the TILs and TALs resulting from different checkpoint block-
ade varies as seen in the percentage of functional T cells, Tregs,
and ARG1" MDSCs (Figs. 3-6). Alternatively, each checkpoint
blockade may target different populations of T cells as sug-
gested by our data that PD-1, but not CTLA-4, is increased
after anti-LAG3 antibody blockade. For example, it is well
known that CTLA4 plays a major role in Treg function.*’ How-
ever, it has also been shown that both T, and Treg cells are rel-
evant targets for the therapeutic efficacy of anti-CTLA-4
antibodies.*?> Furthermore, it is possible that the kinetics of
upregulation of additional checkpoints by a given checkpoint
blockade antibody differs. With the limited time points ana-
lyzed (early and late), we may have missed the period where
CTLA-4 was also upregulated after anti-LAG3 blockade.

In future studies, it will be of great interest to identify the
potential factors that regulate the compensatory induction of
checkpoint expression. It has been reported in the LCMV sys-
tem that monomeric NFAT (nuclear factors of activated T cell)
binding in the absence of a transcriptional partner induces a
gene expression program involved in T-cell exhaustion.*’ It is
not known whether the NFAT factors and/or their transcrip-
tional partners co-regulate the compensatory expression of
checkpoints under the blockade regimen in the ovarian TME
described here. The identification of the potential regulators
would lead to strategies that could prevent other checkpoint
receptors from being upregulated. In addition, the current
study does not address whether the compensatory events occur
on the same cells as those that have been blocked by the check-
point antibody or randomly in the whole population of cells.
Future study using single-cell-based gene/protein analysis
should shed light on this issue.

Of the dual antibody blockade, blocking CTLA-4 and LAG-
3 had the least effect in delaying OVC growth in wild-type
mice; this may have resulted from the increased number of sup-
pressive Treg cells in TILs (Fig. 6A, right panel). In contrast,
combinatorial blockade with PD-1 and CTLA-4 had a signifi-
cantly better efficacy than that of either single agent. Although
triple blockade did not significantly improve the survival con-
tributed by the dual blockade of PD-1-CTLA-4, the treatment
additively increased infiltration of CD8" T cells and

maintained the polyfunctionality of these T cells (Fig. 4B), and
the effect on the percentage of T cell numbers persisted to end-
point (Fig. S1). Therefore, it seems that triple blockade with
appropriate dosing and schedules may have significant efficacy
in controlling ovarian tumor growth. Our data also indicate
that checkpoint blockade, single or combined, results in sub-
stantial reprogramming of the TME. Both effector and helper T
cell populations and the MDSC repertoire all undergo progres-
sive changes regarding their number and function. Although
the major effect of checkpoint blockade is to reinvigorate T-cell
function, the changes in other immune population can provide
a window of opportunity for treatment with checkpoint inhibi-
tors to combine with intervention of other immune suppressive
molecules in the TME.

In conclusion, our data indicate that blocking PD-1 alone is
not sufficient to control murine ovarian tumor growth; how-
ever, dual blockade of PD-1-LAG-3 or PD-1-CTLA-4 pathways
can delay murine ovarian tumor growth and that triple block-
ade of PD-1-CTLA-4-LAG-3 pathways is superior if PD-1
pathway is completely blocked. Future studies should aim at
identifying the ideal schedule, dose, and duration of adminis-
tering these antibodies combinatorially in order to enhance
antitumor immunity in ovarian cancer. Of special note, our
data show that LAG-3 and TIM-3 are also highly expressed in
human ovarian cancer and, in contrast to TALs from mice,
TALs from patients contain large population of PD-1"TIM3"
CD8" or CD4™" cells. These results are highly relevant to the
future design of combined checkpoint inhibition regimens. At
the same time, attention should be paid to a careful balance
between generating durable antitumor immunity and the
potential for autoimmune pathology that could result from
exploiting these pathways.

Materials and methods
Human TiLs and TALs

Tumor specimens and ascites fluids were obtained from
patients undergoing surgery for EOC at the Roswell Park Can-
cer Institute, Buffalo, NY, under an approved protocol
(I1215512) from the Institutional Review Board. Tumor speci-
mens were dissociated using GentleMACS Dissociator (Milte-
nyi) and tissue clumps were removed via filtration through
100 um mesh. Lymphocytes were isolated using lymphocyte
separation medium.

Mice

C57BL/6 (BL6, or Wild-type, WT) mice were purchased from
The Jackson Laboratory (Bar Harbor, ME) and bred in our facil-
ity (Roswell Park Cancer Institute, RPCI) under an approved
Animal Committee protocol (#1145). LAG-3KO (LAG-377)
mice* were a kind gift from Dario Vignali (St. Jude Children’s
Research Hospital). PD-1KO (Pdcdl™’~) mice were provided by
Tasuku Honjo (Osaka University). All mice were maintained
under specific pathogen-free conditions in the RPCI animal
facility according to approved institutional guidelines.



Ovarian tumor model

The IE9mp1 cell line was generated by in vitro expansion of the
IE9-OVA orthotopic tumor** explant from a C57BL/6 mouse
as described previously'® and was performed following the
approved protocol (#1127). To generate tumors in a syngeneic
mouse model, 6- to 8-week-old female mice were injected intra-
peritoneally (LP.) with 1 x 107 IE9mpl cells suspended in
350 uL of PBS. Wild-type C57BL/6 and PD-1KO and LAG-
3KO mice bearing the IE9mpl tumors became moribund at
approximately day 35-45, after tumor cell implantation. For
antibody blockade studies, mice were randomized and LP.
injected (200 pg per antibody, per mouse) with IgG control,
anti-LAG-3 (C9B7W, m-IgGl or rat-IgG1, BE0174), anti-PD-1
(4H2, mIgGl or RMPI1-14, rat-IgG, BE0146) or anti-CTLA-4
(9D9, mlIgG, or rat-IgG, BE0164 ), anti-PD-L1 (10F.9G2, rat-
IgG, BE0101), or the combination every other day (from days
10 to 20). Blockade treatments were six times for survival study
and endpoint immune cell analysis and four times for early
time point TILs and TALs study. The dose and frequency were
adapted based on published reports'®*’, and the frequency and
timing of treatment were empirically determined. Due to the
aggressiveness of the IE9mpl cells, the efficacy of antibody
blockade was not significant when treatment was performed at
a later time point or using 4-5 doses. All blocking antibodies
were either gifts from Bristol-Myers Squibb or purchased from
BIOXCell. Tumor progression was monitored by the develop-
ment of abdominal ascites, and analysis of long-term survival.
Following institutional guidelines, mice were euthanized when
they developed ascites and their abdominal circumference
reached 12 cm in diameter or when moribund. Survival esti-
mates were calculated with the Kaplan-Meier method and sta-
tistics performed with the Mantel-Cox log rank test using
GraphPad Prism 6.

Cell culture

IE9mpl cells were cultured in RPMI complete media supple-
mented with 10% fetal bovine serum, 2 mM L-glutamine, 1%
minimal essential amino acid, 100 uM sodium pyruvate,
50 uM f3-mercaptoethanol, 15 mM HEPES, 100 pg/mL penicil-
lin, and 100 pg/mL streptomycin.

Isolation of murine TALs and TILs

Mice were euthanized at 25 d (for early time point) or when
their abdominal circumference reached 12 cm in diameter or
when moribund (late time point) after IE9mpl tumor chal-
lenge. TALs were derived from peritoneal wash and/or ascites
and TILs were isolated by dissociating tumor tissue in the pres-
ence of liberase (25 ug/mL, Roche, 05-401119001) and DNase
(100 unit/mL, Roche, 10104159001) for 30 min. Tissue clumps
were removed via filtration through a 100 ym mesh. Lympho-
cytes were also isolated from spleens of tumor-bearing mice via
homogenization and strained through the 100 ym mesh. Red
blood cells from all the preparations were removed using ACK
lysis buffer.
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Cytokine analysis

For intracellular staining of IL2, IFNy, and TNFa production
from TALs and TILs, cells were incubated with phorbol 12-
myristate 13-acetate (PMA, 100 ng/mL, Sigma, P8139) and ion-
omycin (500 ng/mL, Sigma, 10634) as indicated in the presence
of brefeldin (10 pg/mL, Sigma, B7651-5) for 5 h. Intracellular
staining was performed as previously described.**

Flow cytometry

TILs and TALs were stained with Fc Block and respective anti-
bodies (see below). The samples were run on a FACS LSRII
flow cytometer (BD Biosciences) and analyzed using FCS
Express (De Novo Software). The following antibodies were
used for human samples: Alexafluo-700-CD8a (Biolegend,
300920), FITC-CD4™" (eBioscience, 25-0041-82 ), Brilliant vio-
let-421-PD-1 (Biolegend, 329919), phycoerythrin (PE)-LAG-3
(R&D systems, FAB2319P), APC-TIM-3 (Biolegend, 345011),
and PE-Cy7-CTLA-4 (Biolegend, 349913), The following anti-
bodies were used for mouse study: PE-LAG-3 (Biolegend,
125208), Brilliant violet-421-PD-1 (Biolegend, 135218), Alexa-
fluor-700-CD8a (Biolegend, 100730), PE-Cy7-CD4 (eBio-
science, 25-0041-82), APC-TIM-3 (eBioscience, 17-5871-82),
and FITC-CTLA-4 (Southern Biotechnology, 1790-02), PE-
CD160 (Biolegend, 143004), FITC-CD244 (2B4, eBioscience,
11-2441-82), APC-BTLA (eBioscience, 17-5956-80), FITC-
KLRG1 (eBioscience, 11-5893-82), PE-Cy7-TNF-alpha (BD
Biosciences, 557644), APC-IFNy (BD Biosciences, 557644),
FITC-IL2 (BD Biosciences, 554427), APC-CD25 (eBioscience,
17-0251-82) PE-FOXP3 (eBioscience, 12-5773-82), Live-dead
stain (Near IR fluorescent reactive dye; Molecular probe,
L10119), V450-CD45 (BD Biosciences, 560501), CD11b (BD
Biosciences, 557397), FITC-Ly-6G (BD Biosciences, 551460),
Alexa Fluor 700-Ly-6C (BD Biosciences 581237), PerCP-Cya-
nine5.5-F4/80 Antigen (Biolegend, 123128), anti-human/
mouse Arginasel APC-conjugated (R&D System, IC5868A).
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